Introduction
In part I of this study, short-term, isothermal-oxidation tests at 900, 1,050, and 1,150°C and long-term, cyclic-oxidation tests at 900°C were performed on RT22 coatings deposited on three different Ni-base superalloys (CMSX-4, SCB, and IN792) [1] . This first part was focused on the influence of the substrate on the composition and microstructure of the Pt-modified-aluminide coating. The effect of alloying elements Ti and Ta was more particularly detailed. The three coating systems show excellent cyclic-oxidation behavior at 900°C. However, this temperature is not damaging enough to approach the end of the coating lifetime after 15,600 h. Therefore, this second part concerns long-term. Cyclic-oxidation tests performed at 1,050°C for test durations up to 17,400 h. At this temperature, interdiffusion between the coating and its substrate plays a large part in the damage process (overall Al consumption of the coating) and has a strong effect on cyclicoxidation resistance. Then, this test is discriminating between the several systems studied. Such long-term cyclic-oxidation at 1,050°C permits discussion of the combined roles of selective oxidation, scale spallation and interdiffusion on Al consumption.
Experimental Procedure
The coating/substrate systems investigated in the present paper (i.e., RT22/CMSX-4, RT22/SCB, and RT22/IN792) are described in part I, including a detailed characterization of their initial microstructure. RT22 is a high-activity, Pt-modified diffusion-aluminide coating. The compositions of the nickel base superalloys are given in Table 1 . The long-term, cyclic-oxidation kinetics at 1,050°C up to 58 cycles of 300 h (i.e., 17,400 h) were performed using the same experimental setup and procedures described in part I for the test at 900°C, in laboratory air. The duration of the high-temperature dwell is 300 h. Samples are placed in a hot furnace and removed after the hot dwell to be placed in front of fans. Microstructural evolution of the specimens oxidized isothermally or after 6, 17, and 35 cycles was analyzed by SEM-EDX, XRD. RT22/CMSX4 was also analyzed by TEM on cross sections after 0, 6, and 17 cycles of 300 h at 1,050°C, and after 100 h at 1,050°C (see part I for the sample preparation).
Experimental Results
Cyclic-oxidation Kinetics at 1,050°C
Cyclic-oxidation kinetics of each system were measured and are reported as NetMass-Change (NMC) curves in Figs. 1-3. The global shape of these curves results from the competition between mass gain caused by high-temperature oxidation and mass loss due to scale spallation. According to these NMC curves, RT22/IN792 appears to be the coating system most resistant to cyclic-oxidation. Steady-state stages with almost constant negative slope are observed on NMC curves reported in Figs. 2, 3. During the steady-state stages, constant mass gain is due to oxidation at each high-temperature dwell and is followed by a constant mass loss caused by spallation during cooling. Nevertheless, several slope changes can be observed. These slope changes can be attributed to the formation of oxides other than Al 2 O 3 such as NiAl 2 O 4 spinel and/or NiO which were detected by XRD.
NMC curves for uncoated superalloys are also reported in Fig. 3 . Mass losses were recorded even after the first cycle of 300 h, indicating severe scale spallation on the three bare superalloys. This observation is a convincing demonstration of the efficiency of the coating studied in protecting superalloys against high temperature oxidation. Figure 3 also shows that CMSX-4 superalloy has better long-term oxidation behavior than the other two alloys. Indeed, the behaviors of the 3 Ni-base superalloys are similar before 10 cycles (i.e., 3,000 h), whereas after 12 cycles CMSX-4 alloy experiences much lower mass loss than the other alloys. This observation can be explained by the higher Al content of CMSX-4 alloy (Table 1) which permits healing after spalling over a larger number of cycles for this alloy. The presence of reactive elements (RE) Hf and Zr in CMSX-4 and IN792 does not seem to reduce the alloying-element consumption rate during the first 10 cycles, in comparison with SCB alloy which has no RE and a lower Al content than CMSX-4.
In part I, a substrate effect was clearly observed during short-term, isothermaloxidation tests of 100 h at 900, 1,050, and 1,150°C and long-term, cyclic-oxidation tests at 900°C, but it was of limited extent. Here, long-term cyclic-oxidation at 1,050°C shows a larger effect of the substrate since NMC curves highlight that RT22 has better cyclic-oxidation behavior when deposited on IN792 than on CMSX-4 or SCB. T  R  4  -X  S  M  C  /  2  2   B  C  S  /  2  2  T  R   2  9  7  N  I  /  2  2  T  R   /  2  2  T  R  S B  C   I  /  2  2  T  R  2  9  7  N   RT  4  -X  S  M  C  /  2  2   B  C  S  /  2 
Microstructural Investigations
The evolution of specimen surface morphology was followed by systematic SEM examination after a given number of oxidation cycles, usually 6, 17, and 35 cycles corresponding respectively to times at temperature of 1,800, 5,100, and 10,500 h. The area fractions of spalled scale were determined from back-scattered electron examinations (BSE). Indeed, the large difference in average atomic number of oxide scales and coatings leads to a strong contrast between spalled areas (brighter) and unspalled areas (darker). These highly contrasted BSE images allow for easy quantification of oxide scale spallation. Image analysis was performed with Aphelion software from ADCIS (Caen, France) to follow the variation of spalled fraction as a function of cycle number.
Surface and Cross-section Morphologies of Oxide Scales
Microstructural investigations were performed to confirm and understand the influence of the substrate on the observed cyclic-oxidation behavior. BSE images on Fig. 4 illustrate the significant effect of substrate on spalled area fraction and also on the morphology and size of spalled zones. The measured spalled area fractions are reported in Table 2 . BSE images and spalled area fractions confirm the effect of the substrate on the cyclic-oxidation behavior. Indeed, more intense scale spalling characterizes the RT22/CMSX-4 system compared to RT22/IN792, and the system RT22/SCB presents an intermediate behavior. These observations are consistent with the NMC curves (Figs. 1-3) , and prove that the difference in cyclic-oxidation kinetics can be attributed, at least partially, to a different amount of oxide scale spalling. Moreover, it is observed that the area of freshly spalled scale significantly increases with the number of cycles.
The differences in surface morphology of the three coating systems studied after 17 cycles at 1,050°C are illustrated by Figs. 5-7. EDS and XRD analysis showed that the oxide scale grown on RT22/CMSX-4 ( (Fig. 7) . Analyzing the relative amount of the oxide phases as a function of the number of cycles by XRD (Figs. 8-10 ) clearly shows that the fraction of protective a-Al 2 O 3 decreases, whereas the fractions of spinel and rutile increase. NiO is also detected by SEM-EDS analysis after 35 cycles of 300 h. Results from image analysis (''objects'' are the spalled areas) During SEM examination, the most noticeable feature is the presence of numerous voids on spalled areas for the RT22/CMSX-4 and RT22/SCB systems after 6, 17 (Figs. 5, 6), and 35 cycles of 300 h at 1,050°C. Such voids were not observed for the RT22/IN792 system (Fig. 7) . Figure 6 shows an oxidized void surrounded by a spalled area. On the remaining of the spalled area, imprints of alumina grains are also observed. The image of the void observed on RT22/SCB after 17 cycles (Fig. 6 ) is enlarged in Fig. 11 . These micrographs (Figs. 6, 11) show clearly that these interfacial voids are located at grain boundaries. The crosssections of the same samples (Figs. 12-14) confirm the absence of voids for RT22/ IN792 and the formation of large and deep voids for both of the other systems. Oxide scale formed on RT22/CMSX-4 after 17 cycles (Fig. 12) is not dense and continuous and consists on several layers of a-Al 2 O 3 , (Al,Cr,Ti)(Ti,Ta)O 4 and NiAl 2 O 4 spinel. Large pores were also observed in the oxide scale in addition with the large and deep pores opening at the coating/oxide interface (Fig. 12) . Such large voids were previously observed on a similar system by Angenete et al. [2] . The oxide scale on RT22/SCB contains spinel phases and a-Al 2 O 3 . As already shown with top view images (Figs. 6, 11), large and deep voids are also opening at the coating/oxide interface. The oxide scale on RT22/IN792, on the contrary, is composed mainly of a-Al 2 O 3 , which is adherent, dense, and continuous. This cross section confirms that no voids were observed at the coating/oxide interface.
These observations illustrate the strong influence of the substrate on the coatingsystem behavior. The systems which experience the formation and growth of large and deep voids are also experiencing the largest fraction of scale spallation (i.e., RT22/CMSX-4 and RT22/SCB). The best oxidation behavior is observed for the RT22/IN792 system which does not develop interfacial voids. Consequently, these voids likely act as nucleation sites for spalling. One alternative explanation of the better behavior of the RT22/IN792 system would be a possible effect of RE on oxide growth and spalling, as IN792 has more Hf and Zr than the other alloys. Indeed, the positive effect of Hf from the substrate on reducing the spalling of the oxide scale formed on NiAl coatings was documented by N'Gandu Muamba and Streiff [3] . Fisher et al. [4] have shown, on the contrary, the detrimental effect of excessive Hf content (ion implantation) in a platinum aluminide on a MarM002 substrate. A controlled addition of about 0.05 at% Hf has been shown to improve oxide scale adherence on b-NiAl bulk material [5] , while the quaternary additions of Re, Cr, Ti, and Ta were found to be detrimental to Hf-doped b-NiAl [6] . Thus, for long-term oxidation of a Pt-modified NiAl coating, with interdiffusion leading to a chemical and microstructural evolution of the surface alloy, it is difficult to draw definite conclusions concerning the effect of Hf. Without an efficient diffusion barrier between the coating and the substrate, it seems impossible to optimize the levels of reactive elements in the coating. It was observed in the present work that uncoated IN792 does not behave better than CMSX4 and SCB alloys (Fig. 3) despite a higher Hf content. Moreover, RT22/SCB has no RE and a lower Al content than CMSX-4 ( Table 1 ) but has similar cyclic-oxidation kinetics over 35 · 300 h (Figs. 1, 2 ) than RT22/CMSX-4 which has Hf and Zr. Finally, no Hf or Zr were detected in the oxide scale by SEM-EDX and TEM-EDX [7] . For these reasons, the emphasis was placed on the observation of pores under the oxide scales formed on RTT22/CMSX-4 and RT22/ SCB and on the overall interdiffusion and phase transformation process.
Microstructural Evolution of the Coatings
Aluminum is the most efficient element to insure the protection of the systems studied against high-temperature oxidation. Consumption of aluminum is due to the coating oxidation leading to the growth of a protective alumina scale and to the diffusion of Al towards the superalloy substrate. Interdiffusion is also responsible for enrichment of the coating in alloying elements such as Ni, Co, Cr, Ti, Ta, Mo, W coming from the superalloy substrate. These changes in the chemical composition of the coating induce microstructural changes (major phases and precipitates). At 1050°C, interdiffusion is more significant than at 900°C and microstructural changes are easy to observe. Only major phases evolution is described in the present work and the evolution of precipitated phases will be fully discussed in a forthcoming publication [8] . According to the Ni-Pt-Al phase diagram established by Gleeson et al. [9] , the sequence of phase transformations within the coating is:
These phase transformations are controlled by the relative depletion in Al and Pt resulting from Al oxidation, Al and Pt diffusion towards the alloy, and by the arrival of Ni by interdiffusion from the substrate.
The microstructural evolution experienced by the coating/substrate systems was characterized for each studied system. Back-scattered electron SEM images of coating cross-sections after 6 and 17 cycles are shown in Fig. 15 for RT22/CMSX-4, in Fig. 16 for RT22/SCB and in Fig. 17 for RT22/IN792. They can be compared with the microstructures of as-coated specimens which were detailed in part I of this work [1] .
For RT22/CMSX-4, after 6 cycles of 300 h (Fig. 15a) (Fig. 15b) , a few b-NiAl grains were still observed in the middle zone. In both cases (Figs. 15a, b) , several voids were observed close to the coating/oxide interface. Voids are sometimes linked to the surface, as is the void shown in Fig. 12 , and some of them are oxidized.
For RT22/SCB, after 6 cycles of 300 h (Fig. 16a) , some c 0 -Ni 3 Al grains were observed at the coating/oxide interface, in the middle zone and within the interdiffusion zone. As for RT22/CMSX-4, they form an external layer with b-NiAl and c 0 -Ni 3 Al grains at the coating/oxide interface and a c 0 -Ni 3 Al single-phase zone, 20-lm thick, within the interdiffusion zone. Titanium nitrides were also observed in this system close to the surface and in the interdiffusion zone. Ni-Al-Cr-Ti alloys oxidized in air form nitrides when the oxide scale is not an efficient barrier for nitrogen and this is the case when spalling occurs during cyclic-oxidation [10] . Nitrides are observed deeper than internal oxides because these nitrides are less stable than the corresponding oxides. After 17 cycles (Fig. 16b) , the c phase in addition to b-NiAl and c 0 -Ni 3 Al was identified in the coating close to the coating/ oxide interface, in the middle zone and in the interdiffusion zone. The c phase formed by Al depletion of c 0 -Ni 3 Al phase and/or by diffusion of Ni from the substrate to the coating or diffusion of alloying elements such as Cr and Co which stabilize the c phase [11] . As for RT22/CMSX-4, deep voids connected to the coating/oxide interface were also observed in this system. For RT22/IN792, after 6 cycles of 300 h, c 0 -Ni 3 Al grains form a 20-lm thick, single-phase layer close to the surface and parallel to the coating/oxide interface (Fig. 17a) . Another c 0 -Ni 3 Al single-phase zone, 20-lm thick, was observed close to the interdiffusion zone. Between these two single-phase zones, the middle zone is composed of large b-NiAl grains and a few c 0 -Ni 3 Al grains. After 17 cycles (Fig. 17b) , the microstructure of the coating is similar to that after 6 cycles. This observation suggests that the b/c 0 transformation progresses parallel to the coating/ oxide interface. In this system, relatively few pores were observed, contrary to the RT22/CMSX-4 and RT22/SCB coating systems. These few pores are not located close to the surface and are not connected to it. They were observed at about 20 lm from the surface, at the boundary between the c 0 -Ni 3 Al single-phase layer and the b-NiAl middle zone.
The main difference between the three systems studied lies in the morphology of the phase distribution resulting from the b-NiAl ? c 0 -Ni 3 Al phase transformation. In the RT22/CMSX-4 and RT22/SCB systems, a b + c 0 two-phase layer formed close to the coating/oxide interface, whereas in RT22/IN792 the transformation leads to an external c 0 single-phase zone parallel to the coating/oxide interface, indicating that the b to c 0 transformation front moves gradually inward. For the first specific microstructure (i.e., of RT22/CMSX-4 and RT22/SCB) interfacial voids were observed but not in the second case (i.e., RT22/IN792) where only a few voids were detected and located far from the coating/oxide interface.
Discussion
During short-term (100 h), isothermal-oxidation tests in the temperature range of 900-1,150°C and long-term, cyclic-oxidation tests at 900°C, the substrate effect was limited and could be attributed to differences in the initial chemical composition of the coating surface induced by differences in alloy compositions and thermal treatments of the coating systems (cf. part I [1] ). At 1,050°C, the effect [12] [13] [14] [15] [16] [17] [18] [19] . Some authors proposed that these voids grow by vacancy coalescence. Two hypotheses based on diffusion phenomena are suggested. First, Al consumption to form alumina scale creates an Al-depleted zone in the NiAl alloy beneath the oxide scale, leading to an Al concentration gradient which creates an outward Al flow and an inward Ni flow. As Ni diffuses faster than Al in Ni-rich NiAl, the difference between Ni and Al diffusion fluxes must be compensated by local vacancy sources equivalent to an outward vacancy flow toward the metal/oxide interface. If these vacancies are not annihilated at the interface, they can coalesce and form interfacial voids [13, 20] . A second source of vacancies and voids can be associated with scale growth mechanisms. Indeed, if the growth of transient alumina is cationic for each atom of Al consumed, an Al vacancy is created at the metal-scale interface if the interface is not able to move in order to annihilate the resulting vacancy. These vacancies can also coalesce to form interfacial voids [21] . In the present study, the mechanism of void formation may be different. Indeed, the voids observed are deep and located at grain boundaries where b-NiAl is locally transformed to c 0 -Ni 3 Al, and some of them are connected to the surface. Such voids, named ''wormholes'' were previously observed by Haynes et al. [22] , Angenete et al. [2] and Kim et al. [23] . Kim et al. associated the voids formation with the high frequency of thermal cycling and to a creep cavitation mechanism. This is certainly not the case in the present study because of the very low frequency of thermal cycling. Tolpygo and Clarke [24] noticed that the transformation of b-NiAl to c 0 -Ni 3 Al leads to a considerable volume reduction and they attributed to this local volume change the observed surface distortions (''rumpling'') or the formation of interfacial cavities. These authors describe the decomposition of b-phase during oxidation by the following reaction:
ðR:1Þ
After calculation of molar volumes of each phase, they propose that the volume change associated with this reaction is:
As highlighted by Zhang et al. [25] , this reaction does not take into account stoichiometry. Indeed, when b-NiAl transforms to c 0 -Ni 3 Al, phase compositions are not stoichiometric. According to the Ni-Al phase diagram [26] , the phases compositions are rather Ni 1 Using molar volumes calculated with lattice parameters measured from our XRD analysis, the volume change associated with this last reaction is:
For RT22/CMSX-4 and RT22/SCB, the b to c 0 transformation occurs locally at the coating/oxide interface, leading to a two-phase b + c 0 layer parallel to the interface (Fig. 18) . Therefore, assuming local equilibrium at the coating/oxide interface between b-NiAl, c 0 -Ni 3 Al and Al 2 O 3 the reaction R.2 applies and the volume reduction due to the transformation is 16% (Eq. (2)). The average size of one b-NiAl grain in RT22/CMSX-4 is reported in Fig. 19 . This grain size corresponds to an average grain volume of about 4,000 lm 3 . Thus, as shown in Fig. 19 , the transformation of three adjacent b-NiAl grains into three c 0 -Ni 3 Al grains leads to a volume change of DV = -1900 lm 3 . Such a value is compatible with the volume of voids observed in RT22/CMSX-4 after 17 cycles of 300 h at 1,050°C (Fig. 12) and which was estimated to be about 1,500 lm 3 . Then, it is proposed that the formation of the grain boundary and interfacial voids observed in the present study is due to the volume reduction associated with the local b ? c 0 transformation.
However, the contribution of diffusion mechanisms described earlier cannot be neglected. Namely, interfacial voids can nucleate by vacancy coalescence and grow at grain boundaries because of the volume reduction linked to the b to c 0 Fig. 18 Void-formation mechanism at metal/oxide interface on RT22/CMSX-4 and RT22/SCB, when c 0 is dispersed at the interface transformation. Conversely, void nucleation can be induced by volume reduction, and voids can grow by acting as a sink for the incoming vacancies (Fig. 18) .
In RT22/IN792 the transformation of b-NiAl to c 0 -Ni 3 Al takes place uniformly over the whole surface under the oxide scale, and c 0 -Ni 3 Al grains form a uniform single-phase layer under the oxide scale, parallel to the interface (Fig. 17) . In that case, equilibrium between (Fig. 20) .
Oxide Scale Spallation
The specific microstructure observed for RT22/CMSX-4 and RT22/SCB systems (i.e., b + c 0 two-phase layer parallel to the interface) leads to formation of deep voids which can act as nucleation sites for spallation. The rutile oxide phase detected from the first hours of oxidation on RT22/CMSX-4 and RT22/IN792 appeared to be detrimental to oxide scale adherence during short-term isothermal oxidation and long-term cyclic oxidation at 900°C (cf. Part I [1] ). Nevertheless, during long-term, cyclic-oxidation tests at 1,050°C, this detrimental effect is small compared to the detrimental effect of voids. Indeed, for the same relative amount of TiO 2 on RT22/CMSX4 and RT22/IN792, the total spalled area is lower for RT22/ IN792. Image analysis showed for RT22/SCB that freshly spalled area increases with the number of cycles during the first 35 cycles. Evans emphases that spalled area for each cooling depends on oxide-scale thickness [27] . The present crosssection examinations showed that oxide scale thickness increases from 3.4 lm to 10 lm between the 6th and 17th cycles. However, after 35 cycles, the oxide scale was not thicker than after 17 cycles. This observation shows that in the present case, oxide scale spallation is not only controlled by oxide scale thickness but also by the nature of the oxide formed (more spinel phases after 35 cycles than after 17 cycles) or by the number of deep interfacial voids. Indeed, the number of these voids increases with the amount of b phase transformed to c 0 phase and then with the number of cycles.
Substrate Effect
Short-term, isothermal-oxidation tests between 900 and 1,150°C and long-term, cyclic-oxidation tests at 900°C were not damaging enough to highlight which system was the most resistant. The present work shows clearly the better cyclicoxidation behavior of RT22/IN792 during long-term, cyclic-oxidation tests at 1,050°C. The nature of the substrate has an effect on cyclic-oxidation kinetics (Figs. 1-3) , on spalled area fraction (Fig. 4, Table 2 ) and on microstructural evolution (Figs. 15-17 ). In the coating system RT22/IN792, b-NiAl transforms to 0 -Ni 3 Al by forming a single-phase layer that gradually moves inward, parallel to the interface. This specific microstructure avoids the formation of interfacial voids and thus limits scale spallation. This is not the case in the two other systems in which the b to c 0 phase transformation occurs at b-NiAl grain boundaries. The reason why the topology of the phase transformation is different in the case of the RT22/IN792 system than in the case of RT22/SCB and RT22/CMSX4 is unknown. The initial microstructure of the RT22 coating is similar for the 3 systems, and the initial roughness is also the same. The explanation for difference in phase transformation topology is certainly linked to the chemical composition of the coating which depends on the substrate after long oxidation times, and affects the phase transformation. Additional analysis is required to precisely explain this observation. As shown in another publication [8] substrate has also an effect on interdiffusion which it is less pronounced for the RT22/IN792 system. Protection insured by Al is then preserved during a longer time and b to c 0 transformation is delayed. The better cyclic-oxidation behavior of RT22/IN792 is due to the chemical composition of the coating system that depends on the superalloy substrate. Because of the complexity of the systems studied, particularly their complex chemical composition characterized by the large number of chemical elements present in the coating and its superalloy substrate, many aspects remain to be investigated. Especially, an assessment of how chemical elements interact with each other and the function of each one on diffusion processes and phase transformations needs to be performed. In RT22/CMSX-4, l-phase precipitates containing Re, W, Cr, and Co form preferentially in grain boundaries. These precipitates could slow down the diffusion process and the b to c 0 transformation. Indeed, a large amount of W in these precipitates prevents the destabilizing effect of this element on b-NiAl and then delays the formation of c 0 -Ni 3 Al. CMSX-4 has the best cyclic-oxidation resistance of the three alloys studied (Fig. 3) . Despite this, the system RT22/IN792 is superior to the system RT22/ CMSX-4. This fact demonstrates the importance of the interactions between the superalloy and its coating, namely the importance of the interdiffusion.
Conclusions
The study of the long-term cyclic-oxidation at 1,050°C, up to 58 cycles of 300 h (i.e., 17,400 h), of the same Pt-modified-aluminide coating RT22 deposited on three different Ni-base superalloys (CMSX-4, SCB, and IN792) leads to several conclusions:
1. NMC curves show that uncoated CMSX-4 has the best long-term, cyclicoxidation resistance of the three superalloys studied. However, the coating system RT22/IN792 has the best long-term, cyclic-oxidation behavior of the three coating systems studied. This fact demonstrates the importance of the interdiffusion between the superalloy and its coating. . This rutile oxide appeared to be detrimental to oxide-scale adherence during short-term isothermal oxidation and long-term cyclic-oxidation at 900°C. Nevertheless, XRD diagrams and measured area fractions of spalled scale show that during long-term, cyclic-oxidation tests at 1,050°C, this detrimental effect is small compared to the detrimental effect of deep interfacial voids. 5. SEM images of coating cross-sections and measurement of the area fractions of spalled scale show that oxide scale spallation is not only controlled by oxidescale thickness, but also by the nature of the oxide formed and/or by the density of deep interfacial voids. 6. The better cyclic-oxidation behavior of RT22/IN792 is due to the nature of the superalloy substrate which modifies the chemical composition of the coating and then influences the phase-transformation topology in the system with consequences for pore formation and Al diffusion. 7. Although the RT22/IN792 system has better long-term, cyclic-oxidation behavior, its use in service is limited to specific gas-turbine components because of its lower mechanical properties at high temperature. If used at lower temperature, pure oxidation is not as damaging as hot corrosion, and other coatings such as MCrAlYs may be preferred. Nevertheless, the superiority of the system RT22/IN792 shows that the usual system RT22/CMSX-4, often quoted as a reference for its cyclic-oxidation behavior, could still be improved through slight modifications of its chemical composition or by integrating a diffusion barrier between the coating and the superalloy substrate in order to limit phase transformations in the coating.
